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The viscosity of various iron-based bulk-glass-forming liquids is measured around the glass transition, and the associated fragility is calculated. Fragility is found to vary broadly between compositions, from a low value of $43, which indicates fairly "strong" liquid behavior, to $65, well within the region of "fragile" behavior. Despite a strong covalent bonding identified in the structure of this class of metal/metalloid glasses, their liquid fragility can be remarkably high, exceeding even the very fragile palladium and platinum bulk-glass formers. An inverse correlation between glass-forming ability and fragility is identified, suggesting that iron-based glasses are effectively "kinetically" stabilized. The fragility, m, of glass-forming liquids is a measure of the configurational breakdown in the liquid in the wake of the glass transition. The concept of fragility in supercooled glassforming liquids was originally proposed by Angell to facilitate the understanding of structural rigidity breakdown in the vicinity of the glass transition.
1 Fragility is classically defined as the change in viscosity (in decades) with respect to in temperature around the glass transition. Glass-forming liquids can be largely classified according to their inherent bonding structure and how the bonding breaks down with increasing temperature, as "strong" liquid, "fragile" liquid, and an intermediate behavior. For "strongly bonded" glass-formers such as SiO 2 , m is very small (20-40), and an Arrhenius behavior is closely followed. In glass-formers with "fragile" bonding structure, such as o-terphenyl (OTP), the breakdown deviates considerably from Arrhenius and is characterized by a higher m (60-150). Most of bulk-metallic-glass formers are classified into the intermediate group (40-60).
2
Bulk metallic glasses are newcomers in the class of glassy materials. Rheological studies on metallic glasses were focused mainly on early-and late-transition-metal glasses like Zr-and Pd-based glasses, owing to their superior thermal stability and glass forming ability (GFA), [3] [4] [5] but other families like rare-earth-metal glasses 6 have also been thoroughly investigated. In recent years, efforts have been under way to develop bulk Fe-based "steel-type" amorphous alloys for structural applications. These efforts have been motivated largely by the remarkably high strength and stiffness associated with such glasses, [7] [8] [9] [10] [11] attributed to a strong covalent metal/metalloid bonding induced by metalloids like C and B.
12 Because of such covalent bonding, the liquid structure at the glass transition was anticipated to be relatively "strong," that is, the liquid fragility of Fe-based glasses was expected to be low. Fragility estimates for certain Fe-based glass-formers reported to date are based on approximations from calorimetric data rather than direct estimates from rheological data. 13 In this study, by contrast, accurate rheological measurements and direct fragility estimates are performed for a broad range of Fe-based glass-formers. A variety of alloy compositions was studied, including alloys bearing metalloids such as C, B, and P, expected to display a varying degree of covalent bonding. We find that the fragility of the Fe-based glasses varies over an unusually large range between compositions, from a fairly strong behavior comparable to that of Zr-based glass-formers, to a rather fragile behavior, even more fragile than that of Pdand Pt-based glass-formers. The very high fragility demonstrated by certain Fe-based glass-formers is unexpected and rather surprising, especially when considering the relatively high degree of covalent bonding identified in their structure. 13 Master alloys with the nominal compositions shown in Table I were prepared using raw materials with purity ranging from 99.9% to 99.9999% by means or two different techniques: induction melting in quartz tubes under high-purity argon (Alloy 2 and Alloy 3) and arc-melting over watercooled copper hearth in high-purity argon (Alloy 1, Alloy 4, and Alloy 5). Glassy rods 2-mm in diameter were obtained by two different techniques: (1) furnace melting in quartz tubes under high-purity argon and subsequent water quenching (Alloy 2 and Alloy 3) and (2) arc-melting over watercooled copper hearth in high-purity argon and subsequently suction-casting in copper mold (Alloy 1, Alloy 4 and Alloy 5). The glassy structure of the rods was confirmed using x-ray diffractometry (XRD) and differential scanning calorimetry (DSC). Cylindrical glassy specimens for viscosity measurements were prepared by saw-cutting the rods into 12 mm long samples.
The equilibrium (Newtonian) viscosity in the supercooled liquid region was measured by three point beam bending using a thermo-mechanical analyzer (Perkin-Elmer TMA 7). The isothermal viscosity at a given temperature is determined by the following equation 14 : Fig. 1 . The viscosity is shown to increase sharply during relaxation of the glass from an initial "frozenin" value towards a unique value in the equilibrium liquid over a characteristic time. The temperature dependence of equilibrium viscosity for various Fe-based glasses is presented in Fig. 2 . To describe the temperature dependence of viscosity, the cooperative shear model is employed [15] [16] [17] 
where g e ðTÞ is the equilibrium viscosity, g 1 the hightemperature limit of viscosity, which is approximated here by the Planck's limit defined as g 1 % h p =v m (where h p is the Planck's constant and v m the molar volume), W g is the activation energy barrier at the glass transition, approximated by W g % kT g logðg g =g 1 Þ (where g g 1 Â 10 12 PaÁs), n is the effective fragility parameter, k the Boltzmann constant, T the temperature, and T g the glass transition temperature associated with a viscosity value of 10 12 PaÁs. The fragility parameter m can be related to n via
The fitting curves according to Eq. (2) for the various Febased glasses are superimposed on the data in Fig. 2 , while the fit parameter n and the calculated fragility m are given in Table I . The fragility of the present glasses ranges from a value of 43, which designates a fairly strong behavior, to a value of 65, which is well within the region of fragile behavior. One may observe a trend by which high fragilities are associated with compositions having high ferrous-metal content (total atomic fraction of Fe, Ni, and Co > 60%), while lower fragilities are associated with compositions with low ferrous-metal content (total atomic fraction of Fe, Ni, and Co < 50%). Nevertheless, to identify the fundamental origin of fragility in these glasses, one would need to accurately assess the nature of chemical bonding (i.e., the degree of covalency) and range of topological order in the supercooled liquid state; this would be a challenging topic for future investigations. In Fig. 3 , a fragility (Angell) plot of various bulk-glassforming metallic liquids with fragilities ranging from 37 to 65 is presented. On this plot, the logarithm of the equilibrium viscosity data for each liquid is plotted against T g /T. These liquids include La-, Mg-, and Zr-based glass-formers whose fragilities lie well within the "strong" fragility range (20-40), Pd-and Pt-based whose fragilities are close to the upper end of the intermediate fragility range (55-60), and a very fragile Fe-based liquid with m ¼ 65 (Alloy 1). As seen in the plot, the Fe-based glass-former undergoes the largest viscosity drop with increasing temperature, reflecting its very "fragile" character. The fragility of this Fe-based glassformer is unusually high, surpassing even that of the Ptbased glass former, which was thought to be the most fragile among the bulk metallic glass-formers. 18 TABLE Interestingly, the large fragility range of Fe-based glassformers appears to roughly reflect the broadly-varying GFA of these systems. Specifically, the Fe-based glasses whose fragilities, m, are estimated here to range from 43 to 65 have critical rod diameters for glass formation, d c , ranging from 3 to 16 mm. Fragile Fe-based glasses are associated with small d c , while strong ones with large d c . Hence, an inverse correlation between d c and m, or equivalently, a direct correlation between critical cooling rate R c and m, can be expected. In  Fig. 4 , the critical cooling rate R c , estimated as R c % 1000/ d c 2 (K/s), is plotted against m. A fairly tight correlation is revealed, reflecting a trend of increasing GFA with decreasing fragility. It is important to note here that his trend is not universal in all classes of bulk metallic glasses. Typically, metallic bulk-glass-forming systems can be classified into "thermodynamically stabilized" and "kinetically stabilized." "Thermodynamically stabilized" glasses are those whose formation is primarily attributed to thermodynamic suppression of the stable crystalline phase and is accommodated by a small driving force for crystallization. Such systems typically demonstrate GFA that increases as the equilibrium melting point decreases. "Kinetically stabilized" metallic glasses, on the other hand, are those whose formation is primarily attributed to kinetic suppression of the crystal phase, accommodated primarily by the buildup of liquid rigidity with decreasing temperature such that crystallization is effectively retarded. Such systems demonstrate GFA that increases with decreasing fragility. Owing to a fairly tight correlation between GFA and m, as presented in Fig. 4 , one may conclude that Fe-based bulk-glass-formers are effectively "kinetically stabilized." 
